Abstract: Australia's utility pole network is aging and approaching its end of life. It is estimated that 70% of the 5 million poles currently in-service nationally were installed within the 20 years following the end of World War II and require replacement or remedial maintenance. Additionally, an estimated 21,700 high-durability new poles are required each year to support the expansion of the energy network. Utility poles were traditionally cut from native forest hardwood species. However, due to agreements which progressively phase out logging of native forests around Australia, finding new sources for utility poles presents a challenge. This paper presents the development of Veneer Based Composite hardwood hollow utility poles manufactured from mid-rotation Gympie messmate (Eucalyptus cloeziana) plantation thinned trees (also referred to as "thinning"), as an alternative to solid hardwood poles. The incentives behind the project and benefits of the proposed products are introduced in the paper. Small diameter poles, of nominal 115 mm internal diameter and 15 mm wall-thickness, were manufactured in two half-poles butt jointed together, using 9 hardwood veneers per half-pole. The poles were tested in bending and shear, and experimental test results are presented. The mechanical performance of the hollow poles is discussed and compared to hardwood poles sourced from mature trees and of similar size. Additionally, the required dimensions of the proposed hollow pole to replace actual solid poles are estimated. Results show that the proposed product represents a viable technical solution to the current shortage of utility poles. Future research and different options for improving the current concept are proposed in order to provide a more reliable and cost effective product for structural and architectural applications in general.
INTRODUCTION
Utility poles, commonly referred to as "power poles", support the energy network and therefore represent a vital part of the infrastructure in developed countries. Yet, Australia's utility pole network is aging and reaching its end of life, with 70% of the 5 million poles currently in-service nationally installed within the 20 years following the end of World War II [1] . Structural failure of one pole may have severe consequences on local communities and the economy in general.
The estimated investment required for the replacement or remedial maintenance of the aging 3.5 million Australian poles is as high as 1.75 billion Australian dollars (about 1.6 billion USD), based on an assumption of 500 Australian dollars per new pole [1] . Additionally, an estimated 21,700 high-durability new poles are required each year for extending the network and meeting energy demand, representing further investment of 13.5 million Australian dollars (about 12.2 billion USD) per year [1] .
Hardwood utility poles have been traditionally used in Australia. Compared to more intensively manufactured steel, concrete or fibreglass poles, they are still thought to be the most economical and durable solution in terms of life-cycle costs [1] . Yet, due to growing environmental awareness and concerns over the sustainability of native forestry practices, agreements which progressively phase out logging of native forests around Australia have been signed [2] . In South-East Queensland where this project is originated, the South-East Queensland Forest Agreement (SEQFA) [3] was signed in 1999 and phases out logging of native forests by 2025, giving the industry 25 years to make the transition from Crown native forests to plantations and private forests. Consequently, the shortage of utility poles is expected to increase dramatically over the next decade while the demand is expected to rise sharply [1] . Finding long-term supply solutions to enable replacement of the aging poles presents a challenge.
Various alternative solutions to solid timber poles or columns have been proposed in the literature. Adam et. al. [4] analysed the feasibility, design strength and cost of hollow octagonal utility poles manufactured from composite wood flakes panels. The poles were tapered with the wall thickness decreasing with the height. Results indicated that the proposed poles were able to be cost competitive in the market place. Kyoto University has been intensively researching composite structures ranging from LVL cylinders [5, 6] to spirally cylindrical laminated veneer lumbers [7] [8] [9] .
The latter product is manufactured through a continuous process with veneer tapes wound around a mandrel in clockwise and anticlockwise directions to form an interlocking pattern [7] . Low quality logs were used for the veneer tapes and the distance between butt jointed veneers was found to significantly influence the strength of the product [8] . Piao [10] manufactured 1.2 metres (small-scale) and 6 metres (full-scale) long nonagon hollow poles from knot free pine wood strips. While fullscale poles were not tested to failure, cantilever tests performed on the small-scaled poles showed that shear failure can govern the strength of the poles. Wehsener et. al. [11] have recently reported current research into fibre-reinforced moulded wooded tubes manufactured by shaping densified timber boards. The tubes have been used to support a 9 metres tall wind power plant. This paper presents tests on Veneer Based Composite (VBC) hardwood hollow utility poles manufactured from mid-rotation Gympie messmate (Eucalyptus cloeziana) plantation thinned trees, also commonly referred to as "thinning", a species traditionally used in Australia for poles due to its favourable natural durability and strength properties [12] . The incentives of using hardwood plantation thinned trees and benefits of the proposed products are introduced in the paper. Six small diameter poles, of nominal 115 mm internal diameter and 15 mm wall-thickness, were manufactured in short lengths of 970 mm. To determine their mechanical characteristics, four poles were tested in bending and two poles in predominant shear. Experimental test results are presented in the paper and a simple failure mechanism model in bending of the poles is also introduced and compared to experimental results. The mechanical performance of the hollow poles is discussed and compared to traditional hardwood poles of similar size cut from native forests. The required dimensions of the proposed hollow pole to replace traditional solid poles are also estimated. Future research and different options for improving the current concept are proposed in order to provide a more reliable and cost effective technical solution to the current shortage of utility poles.
Research is currently underway on best connecting short lengths of VBC products to form useable beams and columns. The determination of the mechanical characteristics (stiffness and strength) of these connections is outside the scope of the present paper. Solutions that are currently being investigated are presented at the end of the paper. Furthermore, while the current research focuses on utility poles, due the reasons presented earlier, the proposed sections can also be used for various structural and architectural applications, such as building beams and columns, or alternatives to steel street lighting and traffic light poles.
ECONOMIC AND ENVIRONMENATAL BENEFITS OF USING HARDWOOD PLAN-TATION THINNED TREES
In hardwood plantations grown for high-quality solid wood products, an average of 1,000 stems per hectare are planted. However, only high quality trees are allowed to mature, with the lower quality trees (for instance, those that are crooked, smaller or have too many branches) removed in an operation referred to as "thinning" or "pre-commercial thinning". Typically, two main thinning operations occur. Nearly half of the trees (around 500) are cut at 1.5 to 3 years in the first thinning, with another 300 cut in the second thinning (mid rotation) at 10 to 15 years before the plantation is finally clear-felled at 25 to 35 years. The trees cut during the second thinning have a breast-high diameter (BHD) of about 15 to 30 cm, and are deemed of little or no commercial value.
To justify continued expansion of Australia's current hardwood plantation estates, it is becoming necessary to develop high value end-use products for these small logs [13] , as there are no clearly identified viable markets for these resources. Pulpwood was regarded as the only large scale viable option for these logs if the plantation is in close proximity (less than 100 km) to a processing facility and/or forms part of an overall harvest scheme [13] . In more recent times, the international pulpwood market has become less attractive for Australian plantation growers. Additionally, with the uneconomical long crop rotation time of 25 to 35 years, the risks from fire, pests and adverse weather events increase dramatically each year while not translating into substantially higher financial returns to the grower. More than 400,000 hectares of hardwood plantations have been planted around the year 2000 and a large quantity of mid rotation thinning logs are potentially immediately available, reinforcing the need to develop a market for this type of resource [14] .
Various VBC structural applications using hardwood thinning veneers have been developed at Griffith University [14] in collaboration with the Salisbury Research Facility, Queensland Government, in an effort to develop high value end-use products for these mid-rotation logs. Advantages of the new products over sawn timber sections lie with the products (i) having efficient cross-sectional shapes, (i.e. hollow for the poles presented in this paper) and (ii) being able to be manufactured in large sizes currently not available in timber, as the manufacturing process [14] allow customising the dimensions of the product to meet a desired design capacity.
A study in Israel [15] has shown that short rotation plantations, based on harvesting 50% of the slower growing trees for use in the manufacture of Medium-density Fibreboard (MDF), as pulpwood or fire wood, could provide better returns to farmers. The current project may provide financial benefits to growers by creating a value-add industry. As a result, they may realise earlier return on investment after 10 to 15 years, instead of the current 25 to 35 years (particularly if the midrotation thinned trees are sold as low-grade veneer logs, and achieve prices of the lower end of large sawlogs of 30 to 40 Australian dollars per m 3 ). Furthermore, environmental benefits may also be realised; for instance, increased carbon storage in long-term structural products as a result of the value-add products and the shorter plantation rotation [16, 17] .
EXPERIMENTAL STUDY

General
Twelve half-poles were manufactured around a 115 mm diameter steel mandrel in lengths of 970 mm. The manufacturing concept is detailed in [14] and uses the natural tendency of the veneers to roll about one side, making their gluing into half-shapes achievable around the mandrel, with the veneer grain orientated in the same direction (along the longitudinal axis of the pole). Each halfpole was manufactured at ambient temperature and moisture content using resorcinol formaldehyde structural adhesive from 9 Gympie messmate (Eucalyptus cloeziana) veneers of 1.7 mm nominal thickness, i.e. forming a nominal wall-thickness of 15 mm. Veneers were delivered in sheets of 1.2 m × 1.2 m and different sheets were randomly selected for each layer constituting a half-pole. Two half-poles were butt jointed together using structural epoxy resin to form a complete section, as shown in Figure 1 .
Additionally, to determine the mechanical properties of each half-pole, 300 mm × 500 mm flat Laminated Veneer Lumber (LVL) panels were also manufactured using veneer sections sourced from the same veneer sheets as each half-pole, glued in the exact same layering order.
Before testing, hollow poles and flat panels were stabilise at a constant temperature (25 o C) and relative humidity (65%) until they reached equilibrium at an average measured oven-dry moisture content of 14.3%.
Bending tests
Test set-up
Four timber poles were tested in a 500 kN MTS universal testing machine in four point bending to determine their bending stiffness and bending capacity. The tests were run in displacement control and reached failure in about 7 minutes (Poles 1 and 2) and 4.5 minutes (Poles 3 and 4).
Each end of the poles was rigidly connected to a steel tube of length L 1 = 1,045 mm, as shown in Figure 2 . The distance between LVDTs 2 and 3 of 3.6 times the pole diameter is slightly less than the recommend distance of five times the pole diameter in the European Standard EN 408 [18] . Table 1 provides the moment capacity M b of the poles calculated as,
Test results
where F max is the total maximum applied load and L 1 is the distance from the supports to the points of application of the loads, as shown in Figure 2 .
The bending stiffness E p I p of the poles is also given in Table 1 and calculated by performing a linear regression on the linear portion of the load F-displacement curve,
where d the distance between two transducers and δ i is the recorded displacement of LVDT number i. The second moment of area I p of the poles, calculated from measured external diameter and wallthickness, is also given in Table 1 for information. The load-displacement curves (see Eq. (2) Table 1 represent lower bound values of the actual capacity of the tested samples. Despite successive improvements of the test rig, the latter failure mode was not eliminated and the rig will need to be redesigned in the future. Yet, the moment capacities for Poles 1, 3 and 4 are within 2% of the capacities calculated using the simple failure mechanism model detailed in Section 4, suggesting that the shear failure in the steel/timber connection occurred at a similar applied moment than the failure mode introduced in Section 4.
Shear tests
Test set-up
Two timber poles were tested in a 500 kN MTS universal testing machine in three point bending to determine their shear capacity. The tests were run in displacement control and reached failure in about 11 minutes (Pole 5) and 3.5 minutes (Pole 6).
The poles were simply supported, with a distance between supports of L = 820 mm (Pole 5) and 730 mm (Pole 6). The load was applied at the centre of the poles, as shown in 
Test results
The shear capacities V s of the poles, calculated as,
where F max is the maximum applied load, were found to be equal to 34.7 kN for Pole 5 and 40.7 kN for Pole 6. Using a close approximation of the shear area for tubes of half the cross-sectional area, this corresponds to maximum shear stresses τ s , calculated as,
where A is the measured cross-sectional area of the poles, of 10. 
Material testing
Tension and compression
For the four poles tested in bending (see Section 3.
2) and Pole 5 tested in predominant shear (See The tension and compression samples were tested following the method detailed in the Australian and New-Zealand Standard AS/NZS 4357.2 [19] in a 500 kN MTS universal testing machine, at similar strain rates to the ones experienced by the tested poles. Three tension and compression samples were tested per half-pole.
The tensile σ f,tens and compressive σ f,comp strengths of the tension and compression samples, respectively, were calculated as, 
where F max is the maximum tensile or compressive applied load, and b and d are the measured width and depth of the tension or compression samples, respectively. The average measured strengths for all tested poles are given in Table 2 for Poles 1 to 5 and in Table 3 for Pole 6.
Additionally, to accurately measure the Modulus of Elasticity (MOE) E of the material and avoid measuring out-of-straightness deformations with the pure tension or compression deformations, two extensometers were positioned on opposite faces of the tension or compression samples. The MOE of each sample was calculated as the average of the MOE given by the two extensometers and measured by performing a linear regression on the linear portion of the stress-strain curves. The average measured MOE E for all tested poles are given in Table 2 for Poles 1 to 5 and in Table 3 for Pole 6.
Shear
For Poles 5 and 6 tested in predominant shear (See Section 3.3), nominal 80 mm wide × 190 mm long samples were cut from the flat panels of each half pole constituting the two poles. The samples were tested following a similar method to the "two-rail test" method proposed in the ASTM D2719-13 [20] . Specifically, the samples were clamped between steel plates (as shown in Figure 6 ), leaving a shear area of 30 mm × 80 mm. The steel plates were serrated, preventing the timber panels from sliding between the steel plates. The grain of the LVL panels was orientated along the transverse (short) direction of the shear area, as shown in Figure 6 . The angle θ between the applied load F and the longitudinal (long) direction of the shear area was set to 14 o , as shown in Figure 6 .
A minimum of five samples per half pole were tested in a 30 kN Lloyd universal testing machine, at similar shear strain rates to the ones experienced by the tested poles. Two samples per half-pole were fitted at their centre point with a 5 mm single strain gauge, orientated at 45 o to the longitudinal direction of the shear area (see Figure 6 ), so as to measure the shear modulus G.
The maximum shear stress τ f of each sample is calculated as [20] ,
where F max is the maximum applied load, and L and t are the measured length and thickness of the shear area, respectively. The shear modulus G was calculated by performing a linear regression on the linear part of the shear stress τ-strain curve [20] ,
where ε is the strain recorded by the strain gauge.
The average measured maximum shear stress τ f and shear modulus G for all tested poles in predominant shear are given in Table 4 .
SIMPLE FAILURE MECHANISM MODEL IN BENDING
This section develops a simple failure mechanism model of the timber poles in bending. The typical bending failure mode of sawn timber beams, triggered by brittle failure in the tensile side of the beam, is also hypothetically assumed for hollow timber poles. Perfect elastic-plastic (as encountered in Section 3.4) and brittle behaviours of the LVL in compression and tension, respectively, are considered herein. Typically, timber fails in tension at a higher stress than in compression (see Table 2) and plastic deformation would occur in the compressive side of the poles before brittle failure occurs in the tensile side. In reference to Figure 7 and for a hollow pole with the butt joint between half-poles coinciding with the centreline of the pole, the bending stress σ(x) at a distance x from the centreline would be given as, 
where E comp and E tens are the MOE of the half-poles mainly undergoing compression and tension, respectively, ε(x) is the strain at a distance x from the centreline and ε plastic is the value of the compressive strain where plastification occurs (i.e. at a compressive stress of σ f,comp ), given as,
The internal compressive and tensile forces F comp and F tens in the pole, respectively, are calculated as,
where D is the external diameter of the pole, d is the shift in the neutral axis due to the plastification in the compressive side of the pole and dA(x) is the differential cross-sectional area, as shown in Figure 7 . The bending moment M in the pole is then given as,
where e is the lever arm between the resultants of the tensile and compressive forces, as shown in Assuming that failure occurs when the tensile stress reaches the tensile strength σ f,tens at x = -D/2 + t tens /2 (i.e. at an average stress in the bottom wall of the pole of σ f,tens , as shown in Figure 7 , where t tens is the wall thickness of the half-pole mainly undergoing tension), the moment capacity M b of the pole is calculated by solving F tens = -F comp in Eq. (10) and finding the shift in neutral axis d and lever arm e. Table 5 gives the moment capacity M b numerically calculated for each tested pole in Section 3.2 by using the calculated MOE and strengths given in Table 2 , and measured external diameter D and wall-thickness t comp and t tens of the half-poles mainly undergoing compression and tension, respectively. Comparison with actual moment capacities, given in Table 1 , is also provided in Table 5 . Table 5 show that the simple failure mechanism model provides a good approximation of the actual moment capacity of the poles. Furthermore, Table 5 suggests that the observed failure modes in Section 3.2.2 result in similar or slightly lower moment capacity M b than the typical brittle bending failure mode of timber beams considered in the present failure mechanism model. The model can therefore be used in subsequent sections to estimate the capacity of poles of different external diameters and wall thickness than the ones tested in this paper.
Results in
DISCUSION
Comparison with solid poles of similar size
The Australian and New Zealand standard AS/NZS 4676 [21] classifies timber utility poles in seven strength groups ranging from minimum bending characteristic strength f' b of 100 MPa (Strength group S1) to 25 MPa (Strength group S7), and minimum shear characteristic strength f' s of 7.2 MPa (Strength group S1) to 2.5 MPa (Strength group S7). Considering a wind peak load duration of less than 5 seconds, the moment capacity M b of a full length preservative treated, unshaved and not steamed solid pole is given as [21] ,
where Z is the section modulus. The shear capacity V s is given as [21] ,
where A s is the shear plane area, equal to 3/4 the cross-sectional area for solid round cross-sections.
Therefore, a 145 mm diameter solid utility pole sourced from mature trees would have a minimum moment capacity M b of 29.93 kN.m in Strength group S1, i.e. 1.6 times more than the maximum capacity found in Table 1 (Pole 3) , and of 7.48 kN.m in Strength group S7, i.e. 1.9 less than the minimum capacity found in Table 1 (Pole 4) .
Specifically in terms of moment capacity, tested Poles 1 to 3 would be classified in Strength group S4 and tested Pole 4 would be classified in Strength group S5. While the investigated poles fall in intermediate strength groups, their cross-sectional area is 2.7 times less than a solid utility pole of the same overall dimension, in other words, the hollow poles are about 2.7 times lighter than solid hardwood utility poles of the same overall dimension. Note that unseasoned native forest Gympie Messmate timber is classified in Strength group S2 [22] .
In terms of shear capacity, the performance of the tested poles in Section 3.3 is less than for the bending capacity. The poles would be classified in Strength groups S6 (Pole 6) and S7 (Pole 5).
Alternative solution to in-service utility poles
Survey of a utility pole network configuration in SEQ
In order to determine an actual configuration of the current utility pole network in South-East Queensland (SEQ) and assess the ability of the proposed VBC hollow poles to replace in-service utility poles, 95 poles were surveyed in Molendinar, near Griffith University. Specifically, 48 and 47 poles were surveyed in an industrial and residential area, respectively, in terms of pole diameter (at breast-height), number of conductors, conductor elevations and distance between two consecutive poles.
For both industrial and residential areas, two sets of conductors were typically observed. 71% of the poles (34 poles) in the industrial area had 3 conductors near the tip of the pole and 4 conductors at a lower elevation. 77% of the poles (36 poles) in the residential area had 4 conductors near the tip of the pole and 2 conductors at a lower elevation. The elevations of the two sets of conductors were measured using a laser distance measurer. The distance from the top set of conductors to the tip of the pole was estimated to be about 30 cm. The distance between two consecutive poles was estimated at +/-5%. Table 6 gives the average measured pole diameter, elevations of each set of conductors and distance between two consecutive poles. Therefore, using the average surveyed configurations of utility poles given in Table 6 
Estimated dimensions of VBC hollow utility poles for the surveyed SEQ industrial area
The dimensions of VBC hollow poles to potentially replace existing utility poles encountered in the surveyed South-East Queensland industrial area is estimated in this section. Tension, compression and shear strength characteristic values of 70 MPa, 55 MPa and 9 MPa, respectively, are assumed herein for the plantation hardwood thinning LVL used in the manufacturing process. These values are in the order of magnitude of the lower capacities of the material tested in Section 3.4.
Using the simple failure mechanism model developed in Section 4 (with MOE E = 18 GPa), a load duration factor of 1.0 (wind peak load duration of less than 5 seconds) and a capacity factor  = 0.9 [21] Table 6 ), they would have a cross-sectional area 1.93 times smaller than the average surveyed pole. This reduction in mass of nearly a factor of 2 would significantly facilitate handling. Additionally, the manufacturing process would allow the wall thickness to gradually decrease with the height of the poles, further reducing the overall mass of the hollow poles.
It may be noted that contrary to traditional solid utility poles, the proposed hollow poles are not intended to be buried in the ground but connected above ground to a steel or concrete footing, therefore considerably limiting termite attacks and reducing decay hazards. Therefore, no pole degradation factor, as preconised in the AS/NZS 4676 [21] , is considered herein. The axial compressive stress was found to be negligible compared to the bending stress and was ignored in the above calculation. The proposed poles would have an external diameter 1.17 times greater than the average surveyed diameter of 277.6 mm (see Table 6 ), and a cross-sectional area 2.37 times smaller than the average surveyed pole.
Estimated dimensions of VBC
Future research
The final structural aim of the current research is to establish probability-based limit state design criteria for the proposed sections, resulting in immediate benefits to the community. Current studies undertaken intend to (i) investigate the influence of the high proportion of natural defects in small diameter thinned trees on the strength and variability in the mechanical properties of composite products and (ii) understand the behaviour and particular failure modes of the hollow sections (as shown in Figure 4) . Additionally, the shear capacity of the hollow profiles is low and may govern the design if the profiles are used for structural and architectural applications other than utility poles. Future studies will investigate cross-laminating the veneers at angles of +/-10 o with the pole longitudinal axis (similar to [8] ). This configuration will likely increase the shear capacity of the poles while marginally reducing their moment capacity.
Importantly, due to the limited log length that peeling lathes can accommodate (1.2 metres long for the lathe used in this project), short lengths of VBC products are currently manufactured. To manufacture usable lengths (greater than or equal to 9 metres for utility poles), jointing subsections presents some challenges. Solutions currently investigated include manufacturing the products in a continuous process, similar to LVL products, or inserting a steel sleeve in the hollow-form of similar stiffness and strength to the VBC product.
It is essential to have a comprehensive understanding of the environmental impacts of the product in order to formulate a valid statement about its sustainability. Life cycle assessment (LCA) is a standardized method under the ISO14040:2006 [23] . LCA provides a systematic way to evaluate a product's life cycle environmental impacts from cradle to grave, thus eliminating shifting the impacts from one phase of the product or service life to another. LCA will be used to evaluate the environmental performance of VBC in comparison to alternative utility poles materials.
CONCLUSION
This paper presented bending, shear and material experimental tests on VBC hardwood hollow utility poles manufactured from mid-rotation hardwood plantation thinned trees (thinning). Four poles were tested in bending and two poles were tested in predominant shear. A simple failure mechanism model of the pole in bending was able to accurately reproduce the actual bending failure capacities. Ninety-five poles were surveyed in an industrial and residential area in South-East
Queensland, and actual in-service pole network configurations were drawn for this region. Using the simple failure mechanism model, results show that the proposed hollow poles are a viable technical solution to the current shortage of traditional solid hardwood utility poles. The hollow utility poles would have an external diameter about 1.2 times greater than currently in-service poles but would be about 2 times lighter. The proposed hollow sections also have the potential to be used in various structural and architectural applications. Future research directions are presented in the paper.
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